Abstract: Natural fibers, such as bamboo, flax, hemp, and coir, are usually different in terms of microstructure and chemical composition. The mechanical properties of natural fibers strongly depend on the organization of cell walls and the cellulose micro-fibril angle in the dominant cell wall layers. Bamboo, flax, and hemp are known for high strength and stiffness, while coir has high elongation to failure. Based on the unique properties of the fibers, fiber hybridization is expected to combine the advantages of different natural fibers for composite applications. In this paper, a study on bamboo/coir fiber hybrid composites was carried out to investigate the hybrid effect of tough coir fibers and brittle bamboo fibers in the composites. The tensile behavior of unidirectional composites of bamboo fibers, coir fibers, and hybrid bamboo/coir fibers with a thermoplastic matrix was studied. The correlation between the tensile properties of the fibers and of the hybrid composites was analyzed to understand the hybrid effects. In addition, the failure mode and fracture morphology of the hybrid composites were examined. The results suggested that, with a low bamboo fiber fraction, a positive hybrid effect with an increase of composite strain to failure was obtained, which can be attributed to the high strain to failure of the coir fibers; the bamboo fibers provided high stiffness and strength to the composites.
Introduction
Fiber-reinforced polymer composites are attractive materials for a wide range of applications due to their high strength and stiffness in combination with light weight. Modern composite structures are increasingly subjected to multiple performance criteria, in which the optimum combination of mechanical properties (e.g., strength, stiffness, and toughness), cost, and sustainability are considered. Fiber hybridization has recently received a high interest in research and application for creating hybrid composites having synergetic properties. The fiber-hybrid composites provide more design freedom than non-hybrid composites, and possibly lead to synergetic effects that neither of constituents possess [1] [2] [3] [4] [5] .
In order to achieve the synergies in fiber-hybrid composites, several aspects play important roles, including selection of suitable fibers, selection of suitable fiber combination and understanding fiber interactions in the hybrid systems. While there is substantial information on fiber-hybridization for synthetic fiber composites [4, [6] [7] [8] , the understanding of hybrid effects in natural fiber composites is still limited.
Natural fibers, such as bamboo, flax, hemp, and coir, extracted from plants, are usually different in terms of microstructure and chemical composition. The mechanical properties of natural fibers strongly depend on the organization of cell walls and the cellulose micro-fibril angles in the cell wall layers. Bamboo, flax, and hemp are known for high strength and stiffness, while coir has high strain to failure [9, 10] . Based on the unique properties of the fibers, fiber hybridization is expected to combine the advantages of the different natural fibers for composite applications. In this study, tensile behavior of unidirectional composites of coir/bamboo polypropylene composites was characterized at the macro level, where fibers are mixed at the fiber layer scale. Thin coir and bamboo prepress (a thickness of 1-3 technical fibers) were used for making the hybrid composite samples with the intention of approaching a good mixing at the single fiber level, which is considered hybridization at the micro scale; theoretical studies [11, 12] predict a better stress transfer in hybrid composites when the fibers are mixed at the micro level. The correlation between the tensile properties of the fibers and of the hybrid composites was analyzed. In addition, the failure mode and fracture morphology of the hybrid composites were also examined to provide a better understanding of the hybrid effects.
Materials and Methods

Materials
Fibers and Polymer Matrix
Technical coir and bamboo fibers were used in this study. The coir fibers were long coir with fiber length in the range of 200-300 mm, supplied by the Can Tho University of Vietnam, where the fibers were extracted from the husk shell of coconut from the coconut palm (Cocos nucifera L.). The technical bamboo fibers were extracted from bamboo culms of the species Guadua angustifolia (from Colombia), using a novel mechanical extraction process developed by KU Leuven, giving a maximum fiber length between 200 and 350 mm. The extracted coir and bamboo fibers were soaked in hot distilled water at 70 • C for 2 h, and then smoothly washed with alcohol to remove greases which may attach on the fiber surface during the fiber extraction process, rinsed with deionized water, and dried under vacuum at 90 • C.
Polypropylene (PP) was used as the matrix for composites. The PP was an unmodified grade and supplied in sheet form by Propex GmbH & Co. KG (Gronau, Germany). The polymer has melt flow rate of 5.2 g/10 min and melting temperature of 160.6 • C. The mechanical properties of the PP were measured by three point bending test following ASTM 790M, which are presented in Table 1 .
Mechanical Properties
Tensile properties of the technical fibers were investigated in previous studies [9, 10, [13] [14] [15] . Table 1 shows the tensile strength, E-modulus, and strain at failure of the studied coir and bamboo fibers. The mechanical properties of PP were also assessed and presented. The extracted coir and bamboo fibers were delivered in a bundle and slightly twisted. In order to make UD hybrid composites, it is required that the fibers are properly aligned in one direction. In this work, a procedure for fiber alignment was developed, in which the coir and bamboo fibers were soaked in water, then combed and evenly spread in a thin layer of UD fibers (with thickness of 1-3 technical fibers). This wet layer was placed between two plastic plates to keep the UD form of the fiber layer, during drying at 70 • C for three days in an oven. After drying, the UD fiber layers were used for making prepregs with PP matrix.
The prepreg was made by placing a UD fiber layer sandwiched between two layers of thermoplastic films, as seen in (Figure 1 ). The sandwich was clamped and pressed at approximately 200 • C by an iron in order to consolidate the fiber and the matrix to form a prepreg. soaked in water, then combed and evenly spread in a thin layer of UD fibers (with thickness of 1-3 technical fibers). This wet layer was placed between two plastic plates to keep the UD form of the fiber layer, during drying at 70 °C for three days in an oven. After drying, the UD fiber layers were used for making prepregs with PP matrix. The prepreg was made by placing a UD fiber layer sandwiched between two layers of thermoplastic films, as seen in (Figure 1 ). The sandwich was clamped and pressed at approximately 200 °C by an iron in order to consolidate the fiber and the matrix to form a prepreg. 
Composite Processing
UD composites of coir and bamboo fiber with PP matrix were produced using prepregs in order to perform tensile tests. The test samples had dimensions of 15 mm × 250 mm × 2 mm (width × length × thickness) following ASTM 3039.
For composites processing, the prepregs were cut into the desired dimensions fitting into an Aluminum mold ( Figure 2a ) with designated stacking sequences. The thickness of the samples was controlled by placing aluminum stoppers at both edges of the mold channels between the upper and lower mold. Six samples of each type could be produced at one time using six channels in the molds. The fiber volume fraction of the composite samples was estimated by the weight of the fibers and the matrix films. Three types of UD composites were produced, including monolithic UD coir/PP, UD bamboo/PP, and UD coir-bamboo/PP composites. The closed mold set-ups were then placed into the Pinette hot press (Figure 2b) for composites fabrication, under processing parameters of 175 °C, at 10 bar pressure and for 15 min, after that the mold was cooled to room temperature under the same pressure.
The hybrid coir-bamboo/PP composite samples were prepared by stacking coir/PP and bamboo/PP prepregs in a sequence of two layers of coir/PP prepreg at the outside and one layer of bamboo/PP prepreg in the middle. For monolithic composites, six layers of coir/PP and bamboo/PP prepreg were used for producing the composites.
The produced UD coir-bamboo hybrid composites had fiber volume fractions of coir and bamboo fibers of approximately 30% and 8%, respectively, while the fiber volume fraction of the coir/PP and the bamboo/PP is 44% and 45%, respectively. 
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Tensile Test and Characterization of Composite Microstructure
Tensile tests were performed according to the standard ASTM D3039, on composite samples of 15 mm × 200 mm × 2 mm, to which composite end-tabs were glued. A load cell of 5 kN was used and a crosshead speed of 1 mm/min was applied. The gauge length between the two clamps was set at 100 mm, while an extensometer with a gauge length of 50 mm was employed for measuring the sample strain. (Figure 3) shows the set up for the tensile test and some tested samples. The hybrid coir-bamboo/PP composite samples were prepared by stacking coir/PP and bamboo/PP prepregs in a sequence of two layers of coir/PP prepreg at the outside and one layer of bamboo/PP prepreg in the middle. For monolithic composites, six layers of coir/PP and bamboo/PP prepreg were used for producing the composites.
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Tensile tests were performed according to the standard ASTM D3039, on composite samples of 15 mm × 200 mm × 2 mm, to which composite end-tabs were glued. A load cell of 5 kN was used and a crosshead speed of 1 mm/min was applied. The gauge length between the two clamps was set at 100 mm, while an extensometer with a gauge length of 50 mm was employed for measuring the sample strain. (Figure 3) shows the set up for the tensile test and some tested samples.
Various composite systems, including bamboo, coir, and hybrid coir-bamboo in PP, were characterized. Six samples for each type of composite were tested. Various composite systems, including bamboo, coir, and hybrid coir-bamboo in PP, were characterized. Six samples for each type of composite were tested.
Scanning electronic microscopy (SEM) images of the composite cross-sections were taken after failure using a Philips XL 30 FEG scanning electron microscope (FEI Europe B.V., Zaventem, Belgium). The images provide the information of the fracture of the composites including fiber distribution and failure mechanism of the fibers.
Results and Discussion
Tensile Behavior of the Monolithic and Hybrid Composite
The tensile stress-strain curves of the UD coir-bamboo hybrid composites are presented in Figure 4 . It can be seen that the hybrid composites show an almost linear-elastic behavior until a peak stress, and then the stress dramatically decreases to a certain value. From this point on, the stress reduces slowly in a plastic manner. From this behavior, it is suggested that the coir fibers and the bamboo fibers together carry the tensile load until reaching the peak stress, at which point most bamboo fibers (with a low fiber volume fraction of 8%) fail, leading to a drop in stress. From this point on, the remaining coir fibers continue to bear some stress until the whole composite fails. When comparing the hybrid composites with the mono composites, the bamboo/PP composite fails in a brittle manner at high strength but low strain (<1%), and the coir/PP system shows a failure at low strength and somewhat higher strain; the E-modulus and strength of the hybrid composite are situated at intermediate values and there is, furthermore, some residual stress after the peak stress until higher strain values. This demonstrates a hybrid effect when combining strong bamboo fibers with high elongation coir fibers. Moreover, the failure strain of the bamboo fibers in the hybrid composite (~1.2%) is higher than in the mono-composite (~0.8%), suggesting that the presence of the coir fibers has a beneficial effect on the failure strain of the bamboo fibers. A possible explanation could be the stronger thermal contraction of the coir fibers during cooling after compression molding, leading to a mild compressive residual strain in the bamboo fibers. This effect has also been observed by several studies on hybrid composites [2, [16] [17] [18] .
The tensile stress-strain curves of the UD coir-bamboo hybrid composites are presented in Figure  4 . It can be seen that the hybrid composites show an almost linear-elastic behavior until a peak stress, and then the stress dramatically decreases to a certain value. From this point on, the stress reduces slowly in a plastic manner. From this behavior, it is suggested that the coir fibers and the bamboo fibers together carry the tensile load until reaching the peak stress, at which point most bamboo fibers (with a low fiber volume fraction of 8%) fail, leading to a drop in stress. From this point on, the remaining coir fibers continue to bear some stress until the whole composite fails. When comparing the hybrid composites with the mono composites, the bamboo/PP composite fails in a brittle manner at high strength but low strain (<1%), and the coir/PP system shows a failure at low strength and somewhat higher strain; the E-modulus and strength of the hybrid composite are situated at intermediate values and there is, furthermore, some residual stress after the peak stress until higher strain values. This demonstrates a hybrid effect when combining strong bamboo fibers with high elongation coir fibers. Moreover, the failure strain of the bamboo fibers in the hybrid composite (~1.2%) is higher than in the mono-composite (~0.8%), suggesting that the presence of the coir fibers has a beneficial effect on the failure strain of the bamboo fibers. A possible explanation could be the stronger thermal contraction of the coir fibers during cooling after compression molding, leading to a mild compressive residual strain in the bamboo fibers. This effect has also been observed by several studies on hybrid composites [2, [16] [17] [18] . In (Figure 5b) , the cross-section of the hybrid composite shows the distribution of the coir fibers and the bamboo fibers, which are still positioned in three different layers. This means that the hybrid effect in the composite is taking place at the meso level. The composite fracture shows many pulled out coir fibers and the presence of a few broken bamboo fibers. It is likely that the pull-out of the coir fibers delayed the failure of the composite as observed in its stress-strain curve. In (Figure 5b) , the cross-section of the hybrid composite shows the distribution of the coir fibers and the bamboo fibers, which are still positioned in three different layers. This means that the hybrid effect in the composite is taking place at the meso level. The composite fracture shows many pulled out coir fibers and the presence of a few broken bamboo fibers. It is likely that the pull-out of the coir fibers delayed the failure of the composite as observed in its stress-strain curve.
The former is confirmed in (Table 2) , which once more summarizes the tensile mechanical properties of the hybrid composites. The strain to failure of the hybrid composite is clearly higher than that of the mono bamboo/PP composite. The analysis of the tensile properties is further carried out by comparison with the theoretical values determined by the rule of mixtures. Table 2 . Tensile properties of coir-bamboo/PP hybrid composite, and of mono bamboo/PP and coir/PP composites. The former is confirmed in (Table 2) , which once more summarizes the tensile mechanical properties of the hybrid composites. The strain to failure of the hybrid composite is clearly higher than that of the mono bamboo/PP composite. The analysis of the tensile properties is further carried out by comparison with the theoretical values determined by the rule of mixtures. 
Rule of Mixtures for the Hybrid Composite
Theoretical E-Modulus and Theoretical Strength of Mono-Composites
The theoretical E-modulus of coir/PP and bamboo/PP composites, , is calculated according to the rule of mixtures as shown in Equation (1): 
Rule of Mixtures for the Hybrid Composite
Theoretical E-Modulus and Theoretical Strength of Mono-Composites
The theoretical E-modulus of coir/PP and bamboo/PP composites, E theo , is calculated according to the rule of mixtures as shown in Equation (1):
where V f and V m are the volume fractions of fiber and matrix, respectively; E f and E m are the E-modulus of fiber and matrix, respectively. In the coir and bamboo fiber composites with PP, the fiber failure strain (approximately 36% for coir and 1.9% for bamboo fibers) is lower than the matrix failure strain (higher than 300%). Thus, the strength of the fibers will determine the failure of the composites; hence the estimation of theoretical strength can be calculated as follows:
where σ * f is the fiber strength, and σ m is the matrix stress at fiber failure strength.
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Theoretical E-modulus and Theoretical Strength of Hybrid Composite
The theoretical E-modulus of the hybrid composite is calculated as:
As illustrated by Figure 6 , the theoretical strength is estimated as follows:
(i) If V bamboo is very low compared to V coir : the strength of the composite is determined by coir fiber strength. In this case, the coir fibers can carry load after the failure of the bamboo fibers, then
(ii) If V bamboo is high. Then, the composite strength is dependent on bamboo fiber strength:
where σ coir and σ PP are the stress in the coir fiber and the stress in the PP, respectively, at the failure strain of the bamboo fiber ( Figure 6 ).
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where * is the fiber strength, and is the matrix stress at fiber failure strength.
(i) If is very low compared to : the strength of the composite is determined by coir fiber strength. In this case, the coir fibers can carry load after the failure of the bamboo fibers, then
is high. Then, the composite strength is dependent on bamboo fiber strength:
where and are the stress in the coir fiber and the stress in the PP, respectively, at the failure strain of the bamboo fiber ( Figure 6 ). With the fiber volume fraction of coir fibers and of bamboo fibers at 30% and 8%, respectively, the theoretical strength of the composite calculated following Equation (4) is 111 MPa, which is lower than the value calculated following Equation (5) (120.8 MPa). The result shows the bamboo fiber load With the fiber volume fraction of coir fibers and of bamboo fibers at 30% and 8%, respectively, the theoretical strength of the composite calculated following Equation (4) is 111 MPa, which is lower than the value calculated following Equation (5) (120.8 MPa). The result shows the bamboo fiber load is high enough to determine the hybrid composite strength. Hence, the theoretical strength of the composite will be calculated according to Equation (5) .
The theoretical E-modulus and strength of the hybrid composite is calculated following Equations (3) and (5) and shown in (Table 3 ). The efficiency factors (the experimental values normalized to the theoretical values) are also estimated. It can be seen that the strength efficiency factor is surprisingly high (0.73) compared to the values of the mono coir/PP (0.32) and bamboo/PP (0.38) systems. As discussed above, there likely exists a beneficial effect of the residual strain in bamboo fibers, leading to an important increase in failure stress and, hence, a higher contribution to the overall strength of the hybrid composite. Meanwhile, the premature failure of coir/PP and bamboo/PP (reflected with the relatively low strength efficiency factors) could be caused by low interfacial adhesion between the fibers and PP matrix. 
Conclusions
The tensile behavior of coir-bamboo fiber hybrid composites in PP was investigated, where the coir fiber and bamboo fiber were mixed at the meso level by layer-by-layer stacking of UD fiber prepregs. With a low bamboo fiber fraction, a hybrid effect with an increase of composite strain to failure was obtained, which can be attributed to the high strain to failure of the coir fibers; the bamboo fibers provided high stiffness and strength to the composites. The results show that a positive hybrid effect is obtained when a low bamboo fiber fraction is hybridized with a higher fraction of coir fibers. Different fiber mixing levels and variation of fiber loading can be considered to explore more synergetic properties for applications of the hybrid composites. 
